Photosystem II (PSII) is a multisubunit enzyme embedded in the lipid environment of the thylakoid membranes of plants, algae and cyanobacteria. Powered by light, this enzyme catalyses the chemically and thermodynamically demanding reaction of water splitting. In so doing, it releases dioxygen into the atmosphere and provides the reducing equivalents required for the conversion of CO 2 into the organic molecules of life. Recently, a fully refined structure of a 700 kDa cyanobacterial dimeric PSII complex was elucidated by X-ray crystallography which gave organizational and structural details of the 19 subunits (16 intrinsic and three extrinsic) which make up each monomer and provided information about the position and protein environments of 57 different cofactors. The water-splitting site was revealed as a cluster of four Mn ions and a Ca 2+ ion surrounded by amino acid side chains, of which six or seven form direct ligands to the metals. The metal cluster was modelled as a cubane-like structure composed of three Mn ions and the Ca 2+ linked by oxo-bonds with the fourth Mn attached to the cubane via one of its oxygens. The overall structure of the catalytic site is providing a framework to develop a mechanistic scheme for the water-splitting process, knowledge which could have significant implications for mimicking the reaction in an artificial chemical system.
Introduction
Approx. 2.5 billion years ago, an enzyme emerged which would dramatically change the chemical composition of our planet and set in motion an unprecedented explosion in biological activity. This enzyme used solar energy to power the thermodynamically and chemically demanding reaction of water splitting. In so doing, it provided biology with an unlimited supply of 'hydrogen' needed to convert CO 2 into the organic molecules of life. Before this, biology had been dependent on hydrogen/electron donors such as H 2 S, NH 3 , organic acids and Fe 2+ , which were in limited supply compared with the 'oceans' of water with which planet Earth is blessed. The by-product of the water-splitting reaction is molecular oxygen. The release of this gas also had dramatic consequences for biology since it converted the atmosphere from anoxygenic into oxygenic and, at the same time, allowed the ozone layer to be established. With oxygen available, the efficiency of metabolism increased dramatically since aerobic respiration provides in the region of 20-fold more cellular energy than anaerobic respiration. It was probably this improved efficiency due to aerobic metabolism which drove the subsequent evolution of eukaryotic cells and multicellular organisms. The establishment of the ozone layer provided a shield against harmful UV radiation allowing organisms to explore new habitats and especially to exploit the terrestrial environment.
In a nutshell, when biology learnt to split water using sunlight, it simply had solved its energy problem, allowing life to prosper and diversify on an enormous scale as witnessed by fossil records and by the extent and variety of living organisms on our planet today. The enzyme that gave rise to this 'big bang of evolution' is known as Photosystem II (PSII) and is truly an enzyme of global significance. It is a multiprotein complex contained within the thylakoid membranes of all types of plants, algae and cyanobacteria [1] [2] [3] . In contrast with chemical and electrochemical water splitting, which are thermodynamically highly demanding, the PSIIcatalysed biological water-splitting mechanism is truly remarkable, since it proceeds with very little driving force and requires only moderate activation energies [4] [5] [6] .
energy and where the water-splitting reaction occurs. The RC core consists of two homologous proteins known as D1 and D2 which have five transmembrane α-helices each [7, 8] . These two proteins are remarkably similar to the L and M subunits that constitute the RC of anaerobic purple photosynthetic bacteria [7, 9] . In both cases, they bind cofactors which facilitate primary charge separation. Closely associated with the D1 and D2 proteins are two Chl (chlorophyll)-containing proteins (CPs) called CP43 and CP47. They too are structurally homologous, each having six transmembrane α-helices. A striking feature of these two light-harvesting proteins is the very large extrinsic loops that join the lumenal ends of transmembrane α-helices (V) and (VI) [10] [11] [12] . There are also a number of other low-molecularmass subunits usually having a single transmembrane helix, which are rather featureless except for the PsbE and PsbF proteins that provide histidine ligands for the high-potential haem of Cyt (cytochrome) b 559 [13] [14] [15] [16] . Finally, the PSII RC core complex has several extrinsic proteins attached to its lumenal surface, the nature of which varies with different types of organisms, although the PsbO protein is ubiquitous to all types of oxyphototrophs [17] [18] [19] [20] . In plants and green algae, PsbP and PsbQ proteins associate with PsbO, whereas in red algae and cyanobacteria, they are replaced by the PsbU and PsbV proteins, where the latter is a cytochrome (Cyt c 550 ). In all cases, they form a protein shield over the catalytic site of water splitting. The PSII RC core complex is serviced by peripheral light-harvesting systems which vary among different organisms [21, 22] . In plants and green algae, this antenna system is intrinsic and composed of Lhcb proteins that bind Chla and Chlb, whereas in cyanobacteria and red algae, phycobilins arranged within the extrinsically located phycobilisomes carry out this function. There are usually approx. 200-300 light harvesting pigment molecules serving one PSII RC.
Recently, my colleagues and I at Imperial College obtained a complete and fully refined crystal structure of the PSII RC core isolated from the thermophilic cyanobacterium Thermosynechococcus elongatus [23] [24] [25] . Before this, a great deal of information about PSII functioning had been derived from biophysical, biochemical, molecular biological and structural studies [26] [27] [28] [29] [30] [31] [32] . Our work confirmed and extended earlier structural studies [2, 10, 13, [33] [34] [35] [36] and provided a basis for further interpretation of experimental data and concepts which have accumulated over the years, particularly those relating to the water-splitting process and associated electron/proton-transfer reactions. It had been shown using EM (electron microscopy) that the PSII RC core complex of plants [37] [38] [39] [40] [41] and cyanobacteria [39] was dimeric, having a molecular mass of approx. 700 kDa. In fact, our early EM studies employing both electron crystallography [42] [43] [44] [45] [46] and single-particle analyses [47] [48] [49] had also revealed the relative positions of the D1, D2, CP43 and CP47 proteins within each monomer of the dimeric PSII RC core complex isolated from higher plants (Spinacia oleracea, spinach) and suggested how their transmembrane α-helices were arranged [50] . The best resolution obtained was 8 Å (1 Å = 0.1 nm) and thus densities could also be tentatively assigned to Chls bound within the CP47 protein as well as those which were contained within the D1-D2 heterodimer [43] . For the same reason, it was possible to speculate which of the various single transmembrane densities also contained in the map could be assigned to those of PsbE and PsbF, since the haem of Cyt b 559 , which they ligate, is equivalent in size to that of the tetrapyrrole head group of Chl (approx. 7 Å in width). Although the EM studies had provided the first glimpse of the structural organization of PSII, they did not give the high-resolution information necessary to describe the exact positioning of cofactors and the nature of their protein environment. This was provided by several X-ray diffraction analyses yielding crystal structures at different degrees of completion [23, 35, 36, 51] .
Crystal structure
The side view of the PSII RC dimeric core complex of T. elongatus shown in Figure 1 is taken from our crystal structure [23] and compared with an earlier three-dimensional structure determined by cryo-EM and single-particle analysis on the same isolated complex (J. Duncan, J. Nield and J. Barber, unpublished work). The PSII dimer has dimensions of 105 Å depth (45 Å spanning the membrane), 205 Å length and 110 Å width, and has a calculated total molecular mass of about 700 kDa. The crystal structure was at sufficient resolution (3.5 Å ) and refinement to assign virtually all of the amino acids that it contains. Overall, each monomer consists of 19 different protein subunits, where 16 are intrinsic and three are extrinsic. There are in total 35 transmembrane α-helices per monomer depicted as cylinders in Figure 1 . Details of the 19 different subunits assigned are given in Table 1 and the relative positioning of their transmembrane α-helices is shown in Figure 2 .
Intrinsic proteins
The crystal structure of PSII [23] confirmed that the transmembrane α-helices of the D1 and D2 proteins are arranged in an almost identical way with those of the L and M subunits of the purple bacterial RC [7, 9] . The six transmembrane α-helices of CP43 and CP47 are, in both proteins, arranged in three pairs around a pseudo-3-fold axis. The two Chlbinding proteins are located on each side of the D1 and D2 subunits in such a way that their transmembrane α-helices are related by the same pseudo-2-fold axis, which relates the five transmembrane α-helices of the D1-D2 heterodimer. Thus the overall organization is very similar to that of the RC core of PSI (Photosystem I) [43, 52, 53] .
The low-molecular-mass subunits (see Table 1 ) are located on the periphery of the CP43/D1/D2/CP47 cluster and their functional role is probably to stabilize the binding of Chl and carotenoid molecules contained within the complex, with the exception of PsbE and PsbF which provide histidine ligands for the haem of Cyt b 559 . In addition, the PsbL, PsbM and PsbT proteins, located at the monomer-monomer interface, possibly play a role in maintaining the dimerization of the PSII complex. All of the small subunits have a single transmembrane α-helix, except for the PsbZ which has two (see Table 1 ).
Cofactors
In our structure, we identified 36 Chls and tentatively assigned seven carotenoids, assumed to be all-trans-β-carotene (see Figure 2) . We concluded that CP43 and CP47 bound 14 and 16 Chls respectively, and, in the majority of cases, these light-harvesting Chls were ligated by histidine side chains and related by the same symmetry axes which relate their transmembrane α-helices [54] . The Chls were arranged in layers towards the lumenal and stromal surfaces, with one Chl in each case located midway between the layers.
Remarkably, the majority of the Chls bound to CP43 and CP47 have counterparts bound in the N-terminal domains of the PsaA and PsaB RC proteins of PSI [54] . A more recently determined crystal structure of cyanobacterial PSII at 3 Å resolution has assigned 11 all-trans-β-carotenes and concluded that CP43 binds 13 Chls rather than 14 [51] . However, this more recent work was undertaken on an isolated PSII complex having an additional unidentified single transmembrane α-helical protein compared with that used by Ferreira et al. [23] , emphasizing differences in the biochemical preparations and crystallization conditions. Most of the Chls of CP43 and CP47 are ligated by conserved histidine ligands with either α-or β-linkages [54] . The D1 and D2 proteins contain the cofactors that bring about charge separation, leading to the oxidation of water and reduction of the terminal electron/proton acceptor, plastoquinone. Together, they bind six Chla molecules, two Pheo (pheophytin) molecules, two PQs (plastoquinones), at least one β-carotene on the D2 side of the RC (Loll et al. [51] have recently assigned an additional β-carotene on the D1 side) and a non-haem iron. Our crystal structure, and also those reported by others [35, 36, 51] , clearly showed that these cofactors are also arranged around the pseudo-2-fold axis which relates the transmembrane α-helices of D1 and D2, CP43 and CP47. The axis passes through the non-haem iron and through the middle of a cluster of four Chla molecules called P D1 , P D2 , Chl D1 and Chl D2 as shown in Figure 3 , where the suffix denotes binding to the D1 and D2 protein. Similarly, the two pheophytins are referred to as Pheo D1 and Pheo D2 . The PQs are positioned equally on each side of the non-haem iron and are bound to the Q A and Q B sites located within the D2 and D1 proteins respectively. The remaining two Chls (Chlz D1 and Chlz D2 ) are also symmetrically related, being ligated to histidine residues located in the B-transmembrane α-helices of D1 and D2.
Photons are captured by the light-harvesting pigments and transferred as excitation energy to the cluster of four Chla molecules (P D1 , P D2 , Chl D1 and Chl D2 ). Although the P D1 and P D2 are located close to each other, excitonic interaction between their tetrapyrrole head groups is weak and they do not form a 'special pair' as found in other types of RCs [53, 55] . Their monomeric character therefore makes them approximately isoenergetic with each other and also with the two accessory Chls, Chl D1 and Chl D2 . Therefore it seems that excitation energy arriving at this cluster is delocalized over all four Chls, forming an excited state called P680*, since these Chls have similar long-wavelength absorption in the region of 675-680 nm [56] . The P680* state is highly reducing, and an electron is rapidly transferred within a few picoseconds to the Pheo D1 . The initial electron transfer probably occurs from Chl D1 , since it is the closest to Pheo D1 , to form the charge-transfer state Chl D1
•+ Pheo
•− D1 [57] [58] [59] [60] [61] . This radical pair state is short-lived, with migration of the 'hole' to P D1 to form P D1
•+ Pheo •− , where P D1
•+ corresponds to the long-lived P680 radical cation (see Figure 3 ). The electron on Pheo D1 then proceeds down the thermodynamic gradient to the terminal PQ electron acceptor bound to the Q B site within the D1 protein. This electron transfer occurs in a few milliseconds and is aided by a fast intermediate electron transfer from Pheo
•− to the PQ bound in the Q A site of the D2 protein [5] . On receiving two electrons, the PQ is protonated to plastoquinol PQH 2 and leaves the PSII complex by detachment from the Q B site. In this way, the reducing equivalents derived from water splitting are made available for CO 2 reduction with the assistance of additional light energy absorbed by PSI [62] .
The P680 radical cation (P680 •+ ) has a very high redox potential, estimated to be approx. 1.3 V [63] . This highoxidation state is required to drive the water-splitting reaction that occurs at a catalytic site composed of a cluster of four Mn and one Ca 2+ ion. Thus the reduction of P680
•+ is brought about by removing an electron from this cluster, driving the Mn ions into higher valency states. This electron-transfer process is aided by a redox-active tyrosine residue of the D1 protein (Tyr 161 ), denoted Tyr Z in Figure 3 [64, 65] . This tyrosine residue has a symmetrically related counterpart Tyr D (see Figure 3 ) which can also be oxidized by P680
•+ , but is not directly involved in the water splitting reaction. It may, however, help to direct primary charge separation to the D1 side of the RC by electrostatic biasing [66] . This symmetrical relationship ends here since the Mn 4 Ca 2+ cluster is only located on the D1 side, while the β-carotene and the nearby haem of Cyt b 559 are located on the D2 side. Their function is to protect against photoinduced damage [15, [67] [68] [69] [70] [71] .
Despite the symmetrical arrangement of cofactors on the reducing side, electron transport from P680 to terminal PQ involves only Pheo D1 , while the other possible route via Pheo D2 does not occur; a situation which is also found for electron transfer in the RC of purple photosynthetic bacteria [9, 72] . In fact, the arrangement of the cofactors on the reducing side of PSII is essentially identical with that of their bacterial counterparts. The only clear exceptions being that one of the ligands for the non-haem iron of PSII is a bicarbonate ion and not a glutamate as in bacteria and that the Q B site is a little larger and in closer contact with the stromal surface than in the bacterial RC. That bicarbonate probably provides a bidentate ligand for the non-haem iron has been known for some time [73, 74] , although the reason for this is unclear. Its removal slows Q A → Q B electron transfer and therefore may represent a feedback mechanism from CO 2 fixation to regulate PSII activity.
Water-splitting site
It is on the oxidizing side where the water-splitting chemistry occurs that makes PSII distinctly different from its anoxygenic bacterial cousin. The splitting of water to form dioxygen is a four-electron process. Therefore the electrontransfer reactions described above must occur four times to complete one cycle of the water-splitting chemistry powered by the absorption of four photons: The storage of four oxidizing equivalents is accomplished by the four Mn ions that give up electrons to P680
•+ and convert into higher valency states. This gives rise to five intermediate S-states (S 0 -S 4 ), leading to dioxygen formation as depicted in the S-state cycle shown in Figure 4 [75, 76] . The dark-stable state is S 1 , so that if PSII is subjected to short flashes of light, oxygen is released maximally on the third flash. From then on, it takes another four flashes to generate oxygen. The time to complete the cycle is in the region of 10 ms, leading to the release of approx. 100 oxygen molecules per second. The relaxation of the meta-stable S2 and S3 states to the S1 state in the dark involves recombination reactions from the accepter side of PSII [26] , while the S 0 into S 1 conversion seems to be driven by the long-lived oxidized tyrosine residue of the D2 protein (Tyr D ) [66] .
It has been the holy grail of photosynthesis research to reveal the organization of the Mn 4 Ca 2+ cluster and describe its protein environment with the view to elucidate fully the molecular mechanisms of the water-splitting reaction. Therefore our crystal structure of PSII not only uncovered, for the first time, details of the protein environment of the cofactors involved in electron transfer, but also provided three-dimensional structural information about the watersplitting catalytic site which had eluded us until then. Before this, valuable studies using EPR [27, 28, 30, 77, 78] , XAFS (Xray edge absorption fine structure) spectroscopy [29, [79] [80] [81] [82] [83] [84] and site-directed mutagenesis [8] had given some insights which on the whole were consistent with the details that emerged from the crystal structure. A detailed analysis of the electron-density map coupled with anomalous diffraction measured at specific wavelengths (1.95 Å for Mn and 2.25 Å for Ca 2+ ) led us to conclude that the catalytic centre did indeed contain four Mn ions and one Ca 2+ ion and that the Ca 2+ and three Mn ions formed a cubane-like structure where the four metals were linked by oxo bonds. We proposed that the fourth Mn ion is linked to the Mn 3 Ca 2+ O 4 cubane by one of the oxygens of the cubane (see Figure 5 ). This gives a 3 + 1 organization of the Mn ions, an arrangement which had been predicted by David Britt, Jeffrey Peloquin and their colleagues at University of California Davis using EPR techniques [85, 86] . The distances between the metal ions were modelled to be consistent with the type of linkage (di-µ-oxo or mono-µ-oxo) and in line with XAFS spectroscopy studies conducted by Klein, Yachandra, Sauer and colleagues at University of California Berkeley [29, [79] [80] [81] [82] [83] [84] [within the cubane, 2.7 Å and 3.4 Å for Mn-Mn and Mn-Ca 2+ respectively and 3.3 Å for the fourth Mn (Mn4 in Figure 5 ) to Mn within the cubane]. These precise positionings and distances are tentative, being restricted by the resolution of the X-ray data and by the fact that some modifications may occur during exposure to X-rays. The crystals used for the analysis were grown from dark-treated PSII RC cores which would reside in the S 1 state. However, the generation of free electrons in the crystal by the X-ray beam could reduce some of the high-valency Mn [thought to be Mn(III), Mn (III), Mn(IV) and Mn (IV) in the S 1 -state] to Mn(II) [87] . In addition to electron density assigned to the metal cluster and surrounding amino acids, density was tentatively assigned to a carbonate ion bridging between the Mn outside the cubane (Mn4) and Ca 2+ . It remains to be seen whether such an assignment is correct, but there are several experimental observations suggesting that this anion is a cofactor for the water-splitting reaction of PSII [88] [89] [90] [91] .
Despite the uncertainty of the valency states of the cluster, our X-ray structure [23] cluster or to be near to it [8, [92] [93] [94] [95] . In contrast, the CP43 ligand (Glu 354 ) had not been predicted to be an intimate part of the water-splitting site, although mutagenesis of this residue had hinted at its involvement in catalysis [96] . This glutamate residue forms a part of a fully conserved region of CP43 which we showed to be a 3 10 -helix. Also close to the metal cluster are other side chains which are, or are likely to be, very important to its catalytic activity ( Figure 6 ). In particular, the redox-active D1 Tyr 161 (Tyr Z ) is approx. 6.5 Å from Mn4 and 5 Å from Ca 2+ of the cluster, sufficient to facilitate rapid electron extraction. The phenolic group of Tyr Z is also within hydrogen-bonding distance of D1 His 190 which would allow Tyr Z to be deprotonated and form a neutral radical (Tyr Z • ) when oxidized by P680
•+ in line with EPR studies of Babcock and others [97] [98] [99] [100] . Nearby CP43, Arg 357 (also a part of the 3 10 -helix) and D1 Glu 167 probably play an essential role in forming hydrogen-bonding networks necessary to deprotonate the substrate water molecules during catalysis [101]. Two residues, D1 Asp 61 and D2 Lys 317 , form the beginning of a polar channel which leads away from the catalytic site to the lumenal surface. This polar channel is approx. 35 Å long and involves residues within the PsbO extrinsic protein. As shown in Figure 7 , at its lumenal exit point, a Ca 2+ is bound [102] . This channel is probably the exit route for protons derived from water splitting, but it could also be the route for substrate water molecules to reach the catalytic site. The Ca 2+ at the lumenal end may help to order water molecules, thus aiding protons to leave and water to enter the channels.
Our work has stimulated others ( [103] , including P. Siegbahn [103a] ) to develop sensible chemical models for the catalytic site where the Mn 3 CaO 4 Mn cluster is completely ligated by amino acid residues, water molecules, hydroxides and chloride. State-of-the-art DFT (density-function theory) QM/MM (quantum mechanical molecular mechanics) hybrid methods were used to investigate the intrinsic properties of the metal cluster and predict the perturbational influence of the protein environment on the structural and electronic properties of the catalytic centre. Overall, the calculations broadly supported our structural model for the Mn 4 Ca 2+ cluster and moreover concluded that, when it is completely ligated with water, OH − , Cl − and amino acids, it is a stable molecular structure, even when the surrounding protein environment is removed [103] . [23] and emphasized in the detailed structural analysis of PsbO [107] The suggested proton channel leads from the catalytic site of the oxygen-evolving centre (OEC), indicated as a cluster of four Mn ions (magenta), one Ca 2+ ion (yellow) and four bridging oxygen atoms (red), to the lumenal surface where the PsbO-bound Ca 2+ is located as shown. D1-, D2-and PsbO-protein side chains are in yellow, orange and blue respectively. Reprinted with permission from [102] . Copyright 2006 American Chemical Society.
Extrinsic proteins
As mentioned above and emphasized in the crystal structure models of PSII from cyanobacteria [23, 35, 36, 51] and extrapolated to higher plants [104] , the site of the Mn 3 Ca 2+ Mn cluster is capped by extrinsic proteins bound to the lumenal surface of the complex. These extrinsic proteins provide a barrier to prevent reductants other than water having access to the high-potential redox species generated in the catalytic site. Although studies with isolated PSII preparations show that the water-splitting reaction can occur in their absence, the metal cluster becomes more easily destabilized and the catalysis requires the addition of Ca 2+ and Cl − ions to the reaction medium [105, 106] .
The cyanobacterial crystal structures of PSII identified single copies of each of the PsbO, PsbV and PsbU proteins [23, 35, 36, 51] with their complete in situ structures determined by Ferriera et al. [23] . The PsbO protein of T. elongatus has a calculated molecular mass of 20 608 Da. We were able to show that the PsbO protein consists of a β-barrel made up of eight antiparallel β-strands with a large loop joining β-strands 5 and 6 (β5-β6) and a smaller loop linking β-strands 1 and 2 (β1-β2). The β-barrel is the body of the protein and is approx. 40-45 Å long and 15-20 Å wide, whereas the β5-β6 loop forms an extended 'head' domain 25-30 Å in length [107, 108] . This head domain is involved in binding the PsbO to the lumenal surface of the PSII complex via the hydrophilic surface of the intrinsic PSII RC subunit proteins D1 and D2 and the Chl-binding proteins CP43 and CP47. Also involved in this binding is the β1-β2 The X-ray structures of the cyanobacterial core [23] , but excluding PsbU and PsbV, the tobacco PsbP [123] and the spinach PsbQ [122] , were inserted by eye into the electron-density envelope (green mesh) of the spinach LHCII (light-harvesting complex II)-PSII supercomplex derived from cryo-EM [104] . The 'ear-like' feature seen in the side view of the cryo-EM map accommodates the PsbO protein (white spheres) with sufficient additional density to model in the X-ray structures of the PsbP (cyan stick representation) and PsbQ (yellow stick representation). The large extrinsic loop of CP47 (red) is located in the density between the two ear-like features, while that of CP43 (green ribbons) is located in part between PsbO and PsbP. The carbon-α backbone of each protein is shown as ribbons using the same colour code as in Figure 1 , except that white is used instead of light and medium blue.
loop and the N-terminal domain of PsbO [107] . Several of the strands of the β-barrel are not continuous and its central part is full of bulky hydrophobic residues, including seven phenylalanine residues (Phe 50 The 'head' domain consists mainly of non-regular loops and turns with a well defined α-helix and some β-structures. The long axis of the protein is oriented at approx. 45 o to the membrane plane with the C-and N-termini within 20 Å of each other and located at the lumenal end of the cylindrical domain. The N-terminal extension is stabilized by the sulfur bridge between Cys 19 and Cys 44 and interacts with the large extrinsic domain of CP43, while the loop between the β1 and β2 strands interacts with CP47 in the other monomer of the dimer. This latter feature suggests that the PsbO protein may also play a role in stabilizing the dimeric nature of the PSII complex. The main body of the cylindrical domain has no direct interaction with any other proteins and is exposed to the aqueous phase of the lumen. In contrast, the docking of PsbO to the PSII lumenal surface via the large β5-β6 loop helps to stabilize the metal cluster and explains why this subunit has earned the name 'Mn-stabilizing protein' (MSP) [17, 18] . Moreover, in stabilizing the Mn-cluster by its multiple interactions with the lumenal surface, it might also optimize the local level of Cl − necessary for the wateroxidation reaction as well as facilitating the association of Ca 2+ with the Mn cluster [109] . The proposed proton/water channel leading from/to the catalytic surface passes across the 'neck' region of protein where the β5-β6 loop joins the β-barrel. The PsbO is ubiquitous in PSII of all types of oxygenic photosynthetic organisms [19] , and homology modelling indicates that the structure of this protein in higher plants and algae is likely to be very similar to that determined for T. elongatus [107] . Indeed, electron density corresponding to PsbO could be assigned in the low-resolution threedimensional EM structure of the isolated supercomplex of higher plants (spinach) [104] (Figure 8 ). Whether the PsbO protein has other functions in addition to optimizing the ionic environment of the water-splitting site, providing a polar channel and stabilizing the metal cluster, is not clear. There have been reports that the higher-plant form of this protein can bind and hydrolyse GTP [110, 111] , while others have claimed that it can function as a carbonic anhydrase [112] .
The PsbV protein is a typical c-type cytochrome [108] except for having two histidine residues as haem ligands instead of one histidine and one methionine ligand and having a calculated molecular mass of 15 040 Da. The structure of the isolated PsbV protein was determined by X-ray crystallography [113] [114] [115] before obtaining its crystal structure in situ [23] . The PsbV protein interacts with the C-terminal extension of the D1, D2 and PsbU proteins, while its Nterminal extension interacts with the C-terminus of PsbE of Cyt b 559 . There are no direct contacts with the PsbO protein.
The haem of PsbV has a low potential (E h ∼ −260 mV), does not undergo light-induced redox changes and has no obvious function. It is probably an evolutionary relic of an ancient electron-transfer system which operated in a precursor form of PSII.
The PsbU is a 15 kDa, all-α protein [108] with its Nterminal extension interacting with the PsbO protein and C-terminal extension with PsbV and the C-terminal domain of the D2 protein. In this way, it bridges PsbV and PsbO, while, at the same time, coming close to the metal-binding site of the water-splitting centre via its C-terminus. It has no distinct features that would hint at a specific function. In fact, there are some oxygenic photosynthetic organisms which lack both PsbV and PsbU, such as Prochlorococcus sp. MED 4 [19] , emphasizing that these two extrinsic proteins are not absolutely required for the water-splitting reaction in vivo. That water splitting can also occur in the absence of PsbO has been demonstrated in cyanobacteria, where the gene encoding this protein was deleted [116] [117] [118] . However, when a double-knockout mutant was constructed with both the psbO and psbV genes deleted, water splitting was inhibited [119] .
Higher plants and green algae do not contain PsbU or PsbV, but have PsbP and PsbQ as extrinsic lumenal proteins [17] [18] [19] [20] . Genes encoding PsbP-and PsbQ-like proteins exist in cyanobacteria and are expressed and bind to PSII to different degrees [120, 121] . These proteins, however, were not present in the preparations which yielded the X-ray structures of cyabobacterial PSII.
The PsbP protein has a molecular mass of approx. 20 kDa, and the crystal structure of this protein isolated from Nicotiana tabacum (tobacco) has been determined [122] . Similarly, the X-ray structure of the isolated spinach 16.5 kDa PsbQ protein has been determined [123] . As in the case of the PsbV and PsbU, no specific functions have been established for PsbP and PsbQ, except that they help contribute, along with PsbO, to the stabilization of the Mn 4 Ca 2+ cluster and optimize the ionic requirements of the water-splitting reaction [20, 108] . There is, however, a suggestion that the PsbP protein has structural features reminiscent of a GTPase activator [123] , an observation which would be consistent with the claim that PsbO has GTPase activity [110, 111] . If these studies are substantiated further, then it would seem that in higher plants a GTP-signalling system may exist which could, for example, function to regulate the maintenance and dynamics of PSII [111] .
It has often been assumed that the PsbP and PsbQ occupy the same lumenal PSII-binding sites as the PsbV and PsbU proteins in cyanobacteria. However, when the cyanobacterial PSII structure was built into a low-resolution three-dimensional electron-density map of a higher plant PSII supercomplex, derived from cryo-EM and single-particle analysis, no electron densities corresponding to the positions of PsbV and PsbU [104] were found. In contrast, the density for PsbO could be readily assigned. Moreover, electron densities could be tentatively assigned to PsbP and PsbQ, emphasizing that these two proteins are located at sites different from those occupied by PsbU and PsbV [104] . As yet, no highresolution crystal structure of plant/algal PSII exists, and the model presented in Figure 8 based on EM and the X-ray structures of cyanobacterial PSII, tobacco PsbP and spinach PsbQ, represents the best model we have at present for the structure of PSII from plants and green algae.
Water-splitting mechanism
Our crystal structure of cyanobacterial PSII has provided new information for exploring many facets of its functional activities at a molecular level not possible before: energy transfer between the Chl molecules, electron/proton coupling involved in PQ reduction at the Q B site, relationship between redox potentials and protein environment, the role of Cyt b 559 and β-carotene in secondary electron flow and photoprotection, excitation equilibration among the P680 Chls and the establishment of the radical pair P680
•+
Pheo
•− , the functional roles of the peripheral Chls (Chlz D1 and Chlz D2 ) associated with the D1-D2 heterodimers, the function of the extrinsic proteins, PsbO, PsbU and PsbV, etc. However, the most important reaction catalysed by PSII must be the splitting of water. Despite the resolution of the crystal structure and uncertainties about radiation damage, the structure has provided very strong hints as to the mechanism of this intriguing reaction. The proposed structure suggests that one of the substrate waters is co-ordinated to Mn4, the ion outside the cubane and closest to Tyr Z , while the other substrate water molecule may co-ordinate to Ca 2+ , which is located approx. 4 Å away from Mn4. Progression through the S-state cycle drives the oxidation state of S 0 [e.g. Mn(II), Mn(III), Mn(IV) and Mn(IV), or possibly Mn(III), Mn(III), Mn(III) and Mn(IV)] to S 4 [Mn(V), Mn(IV), Mn(IV) and Mn(IV)] where the oxo derived from deprotonation is co-ordinated to Mn4 in its Mn(V) state ( Figure 9 ). Because of the high oxidizing potential of Mn(V) plus the oxidizing battery of three Mn(IV) ions in the cubane, the oxo would be very electron-deficient, that is a very strong electrophile, so strong that it would facilitate a nucleophilic attack from an oxygen of the second substrate water molecule bound within the coordination sphere of the Ca 2+ . Deprotonation of the substrate waters would be aided by nearby bases such as CP43, Arg 357 and by the weak Lewis acidity of Ca 2+ , especially because it may co-ordinate a Cl − ion. This type of mechanism of O-O bond formation in PSII had been postulated before the determination of the crystal structure [124, 125] and further elaborated on by Gary Brudvig and colleagues [101, 126] since the publication of our crystal structure. A very closely related mechanism replaces the Mn(V) = O by a highly reactive Mn(IV)-oxyl radical which could attack an adjacent oxygen atom of the second substrate water or possibly a bridging oxo [127, 128] . Other mechanisms have also been suggested [98, 129] which are less compatible with the X-ray structure.
It seems to me that, although there remain uncertainties about the exact location of each Mn ion in the cluster, as emphasized from some recent studies using IR spectroscopy [130] and about the precise structural nature of the various [127, 128] . Reprinted with permission from The Biochemist 28(4).
S-states leading to S 4 (i.e. S 0 , S 1 , S 2 and S 3 ), the model that we derived from our 3.5 Å electron-density map has provided the broad framework on which to develop the principles of how Nature conducts the remarkable chemistry of water splitting and dioxygen formation.
These principles should be sufficient for chemists to think about constructing chemical catalysts that might mimic what photosynthetic organisms have been successfully operating for at least 2.5 billion years. Therefore, by emulating the photosynthetic water-splitting reaction artificially, a solution to solve our energy/CO 2 problem may emerge, namely using sunlight to extract hydrogen from water. After all, there is no shortage of water and the energy content of 1 h of sunlight falling on our planet is equal to all the energy humankind currently uses in 1 year.
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